We purified an 84 kDa polypeptide from the MAP (microtubule-associated protein) fraction of tobacco BY-2 cultured cells. LC/MS/MS (liquid chromatography-tandem mass spectrometry) analysis revealed that this polypeptide is a tobacco homolog of AtDRP3 (Arabidopsis thaliana dynamin-related protein 3). Electron microscopy revealed that NtDRP3 (Nicotiana tabacum dynamin-related protein 3) assembles to form a filamentous structure. When GDP was added to the NtDRP3 fraction, the filaments disappeared and many particles appeared. Biochemical analysis revealed that NtDRP3 could bind to and bundle both microtubules and actin filaments in vitro.
Dynamin is known as a membrane pinching protein and plays an important role in endocytosis, exocytosis, cell plate formation, division of mitochondria and chloroplasts, etc. (van der Bliek 1999) . Dynamin was first isolated from calf brain as a MAP (microtubule-associated protein) and its function was analyzed in vitro (Shpetner and Vallee 1989) . Dynamin bundles microtubules (MTs) and MTs stimulate the GTPase activity of dynamin (Obar et al. 1990, Shpetner and Vallee 1992) . On the other hand, yeast Vps1p was identified as a homolog of interferon-inducible Mx proteins and its essential role in membrane pinching was elucidated (Rothman et al. 1990) . Furthermore, genetic analysis revealed that dynamin belongs to a GTPase family, which has a consensus GTP-binding motif, and that this is a homolog of Vps1p (Obar et al. 1990 ). In addition, Hinshaw and Schmid (1995) reported that dynamin has the ability to self-assemble. Takei et al. (1995) reported that self-assembly is essential for membrane pinching in vivo. However, the function of dynamin in collaboration with MTs in vivo is still unknown (Urrutia et al. 1997) .
Sixteen dynamin-related genes were identified in the Arabidopsis genome. The localization and mutant analyses revealed that each dynamin subfamily works in membrane pinching in specific and various organelles in vivo (Hong et al. 2003) . We have developed a procedure to purify plant tubulin and MAPs using miniprotoplasts (evacuolated protoplasts) of tobacco BY-2 cells (Hamada et al. 2004) . During this study, we found that an 84 kDa polypeptide was concentrated in the MAP fraction. Here, we report the purification method and biochemical properties of plant dynamin.
Miniprotoplasts were used for preparation of cytoplasmic proteins for the following reason. By removing the vacuole, the effects of vacuolar contents, H þ , proteinases and phenolics, can be avoided. If protoplasts are homogenized, cytoplasmic proteins are diluted by the vacuolar sap. This can be avoided by using miniprotoplasts (Sonobe 1990 ). We purified MT proteins (tubulin and MAPs) from the homogenate of BY-2 miniprotoplasts (Fig. 1 , Materials and Methods). An 84 kDa polypeptide was found to be abundant in the MT proteins. Using a Resource Q anion exchange column, MAPs were roughly separated and the 84 kDa polypeptide was concentrated ( Fig. 2A) . The fractions containing the 84 kDa polypeptide (about 3 mg) were collected and subjected to Superdex 200 gel filtration column chromatography. The 84 kDa polypeptide was eluted by P200 buffer (200 mM PIPES-KOH, 2 mM EGTA, 2 mM MgCl 2 pH 7.0) as high molecular weight complexes (Fig. 2B) . The total amount of purified 84 kDa polypeptide was about 480 mg.
Liquid chromatography-tandem mass spectrometry (LC/MS/MS) analyses revealed that the partial amino acid sequence of the 84 kDa polypeptide was identical to that deduced from the Arabidopsis thaliana dynamin-related protein 3 (AtDRP3)/ADL2 gene (Fig. 3) . These sequences were not identical to those of other AtDRP subfamilies (data not shown). DRP3 family proteins have been reported in Saccharomyces cerevisiae (Dnm1p), Caenorhabditis elegans (DRP-1), Rattus norvegicus (DLP1), Homo sapiens (Drp1), Cyanidioschyzon merolae (CmDmn1) and A. thaliana (AtDRP3a, b), and are thought to be essential for the fission of mitochondria and peroxisomes (Mano et al. 2004, Praefcke and McMahon 2004) . We named the 84 kDa polypeptide NtDRP3 (Nicotiana tabacum dynamin-related protein 3). Since NtDRP3 is a homolog of AtDRP3, this may also be involved in fission of mitochondria and peroxisomes. In A. thaliana, two homologs of DRP3 (AtDRP3a and b) with a high amino acid sequence identity (76.7%) have been identified ( Fig. 3 ; Arimura et al. 2004 ). The intracellular localization of AtDRP3a-green fluorescent protein (GFP) and that of AtDRP3b-GFP were quite similar. In addition, point mutation of both homologs caused similar phenotypes, suggesting that the two homologs may form a heteromultimeric complex Tsutsumi 2002, Arimura et al. 2004) . Some parts of the amino acid sequence of NtDRP3 were found in both AtDRP3a and b, but some of them were found only in either AtDRP3a or b (Fig. 3) . These data suggested that homologs of both AtDRP3a and b exist in N. tabacum. It is also suggested that the fraction of the 84 kDa polypeptide purified in the present study may be a mixture of at least two homologs of NtDRP3. By two-dimensional PAGE, the 84 kDa polypeptide was separated into several spots (data not shown), suggesting that it contained some different DRP3 homologs and/or modified dynamin. During the analysis of fractions from the Resource Q column by LC/MS/MS, we found the presence of dynamins of a different member, DRP2. Since this was eluted by NaCl at concentrations higher than 0.35 M, it is not shown in Fig. 2A . This was not targeted in the present study, because of very low yield. The supernatant of the miniprotoplast homogenate was incubated in the presence 1 mM GTP and 20 mM taxol at 308C for 10 min. Polymerized MTs and dynamin were collected by centrifugation at 23,000g for 10 min as a pellet. This was suspended in ice-cold depolymerization buffer and left to stand for 20 min on ice. Dynamin polymer was disassembled in a solution containing a high concentration of NaCl. Tubulin and dynamin were recovered in the supernatant after centrifugation at 250,000Âg for 5 min at 28C. This MTdynamin polymerization-depolymerization cycle was repeated. The resultant samples containing tubulin and dynamin were applied to a Resource Q column. For detailed procedures, see Hamada et al. (2004) .
Electron microscopic observation showed the filamentous structure of NtDRP3, whose diameter was about 10 nm (Fig. 4A, B) , and its shape was variable (curved or formed loop). When 1 mM GDP was added to the NtDRP3 fraction, the filaments disappeared and many particles appeared (Fig. 4C) . It is known that the polymerization of dynamin is dependent on GTP (Hinshaw and Schmid 1995) , and dynamin oligomer disassembles to form a tetramer in the presence of GDP (Carr and Hinshaw 1997) . We added 1 mM GTP to the NtDRP3 fraction. However, GTP had no effect on the filamentous structure of dynamin (data not shown). 
Purification of plant dynamin
These results suggested that these filaments and particles were NtDRP3 oligomers and tetramers, respectively. A similar filament and particle have been reported in recombinant human Drp1 (Smirnova et al. 2001 ) and AtDRP3 (Kim et al. 2001) .
We examined the effect of NtDRP3 on MTs. Electron microscopy revealed that NtDRP3 bundled MTs (Fig. 5A, B) . Dynamin polymers bound to MTs had a spiral shape (Fig. 5C) . A similar spiral morphology of dynamin bound to MTs was reported in animal dynamin (Shpetner and Vallee 1989) . Furthermore, we confirmed MT-binding activity using a co-sedimentation assay. Dynamin was incubated with MTs and centrifuged at 9,000 Â g for 8 min (Fig. 5D) . MTs or dynamin alone was not sedimented under these conditions (Fig. 5D, a, b) . When MTs and dynamin were mixed, both proteins were sedimented together (Fig. 5D, c) . These results indicated that dynamin binds to MTs and bundles them.
We noticed that the Resource Q fractions had an activity for bundling actin filaments (Fig. 6A) . To identify the polypeptide concerned, we examined the bundling activity of fractions produced by gel filtration (Fig. 6B, C) . The extent of actin filament bundling was dependent on the content of NtDRP3. Actin filament bundling activity has not been reported in animal dynamin to date. We further confirmed the bundling activity by electron microscopy and co-sedimentation assay (Fig. 7) . It was found that NtDRP3 bundled actin filaments tightly (Fig. 7B) . Filamentous structures were observed around actin bundles, but not spirals (Fig. 7C) . The actin filament-binding activity of NtDRP3 was also confirmed by co-sedimentation assay (Fig. 7D) . Single actin filaments were not sedimented by centrifugation at 9,000 Â g, 8 min (Fig. 7D, a) . When actin filaments and NtDRP3 were mixed, both proteins were sedimented together (Fig. 7D, b) . These results indicated that NtDRP3 binds to actin filaments and bundles them.
It was reported that animal dynamin bind to microtubules via its C-terminal PRD (proline-rich domain) (Hrskovits et al. 1993 , Warnock et al. 1997 . However the PRD exists only in classical dynamins (including the plant DRP2 family) involved in clathrin-mediated endocytosis at the plasma membrane, cleavage furrow, and membrane trafficking in the Golgi and endosome (Praefcke and McMahon 2004, Hong et al. 2003) . NtDRP3 could bind and bundle MTs despite the absence of a PRD. A similar result was reported for yeast homolog Vps1/spo15 which lacks a PRD, although it could bind to MTs (Yeh et al. 1991) . In NtDRP3, some domain other than the PRD may be involved in binding and bundling of MTs. It is known that classical dynamins interact with actin filaments indirectly via various actin-binding proteins such as Abp1, cortactin, syndapin, intersectin, Tuba, Grd2, Nck and profilin, and these proteins are involved in actin cytoskelton regulation at the membrane surface (Orth and McNiven 2003, Schafer 2004) . However these interactions also required a C-terminal PRD. On the other hand, De Vos et al. (2005) reported that disruption of actin filaments inhibited mitochondrial fission and recruitment of DRP1 (C. elegans homolog of NtDRP3) to mitochondria, suggesting that the actin cytoskeleton interacts with dynamin without a PRD. Direct binding of dynamin to actin filaments may be related to mitochondrial fission and recruitment of itself. Thompson et al. (2004) reported interaction between dynamin 2 and -tubulin. They showed that dynamin 2 could bind to -tubulin directly at the central region (not the PRD) in vitro. They also showed, using small interfering RNA (siRNA), that dynamin 2 is involved in centrosome cohesion. These reports suggest the relationships between dynamin and cytoskeleton in vivo. NtDRP3 may have similar properties in vivo. In the present study, we succeeded in purifying endogenous plant dynamin from plant material. To our knowledge, this is the first report of purification of plant dynamin.
Materials and Methods

Cell culture
Tobacco BY-2 cells (N. tabacum 'Bright Yellow 2') were cultured as described by Nagata et al. (1981) . An 800 g aliquot of 5-day-old BY-2 cells was used to prepare tubulin and MAPs.
Purification of the 84 kDa polypeptide
Preparation of MT proteins (tubulin and MAPs) was performed according to Hamada et al. (2004) with a slight modification. A fraction containing MT proteins and 84 kDa polypeptide was obtained by being subjected twice to an MT polymerization-depolymerization cycle. In this cycle, MTs and dynamin were depolymerized by incubation with ice-cold depolymerization buffer [20 mM PIPES-KOH, 0.4 M NaCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 20mg ml À1 leupeptin, 20 mg ml 
Mass spectrometry
The 84 kDa polypeptide was separated by SDS-PAGE and digested with 12.5 mg ml À1 of trypsin (trypsin, modified, Sequencing Grade, Roche, Indianapolis) at 378C for 16 h as described (Shevchenko et al. 1996) . Digested peptides were extracted with formic acid and acetonitrile. Peptide mixtures were separated and analyzed using an LC MAGIC 2002 (Michrom BioResources, Auburn, CA, USA), which was connected directly to an LCQ-Advantage electrospray ion-trapping tandem mass spectrometer (Thermo Electron, San Jose, CA, USA; Ohta et al. 2002) . Mass spectrum data generated by the LC/MS/MS were used to search the NCBI non-redundant protein database with Mascot MS/MS Ion Search software (Matrix Science, Boston).
Preparations of microtubules and actin filaments
Purification of BY-2 tubulin was performed according to Hamada et al. (2004) . To polymerize MTs, we added 20 mM taxol to the tubulin solution. Preparation of actin filaments from chicken breast muscle was performed according to Kohama (1981) with slight modifications. Sedimented actin filaments were suspended in RQ start buffer.
Buffer conditions of the in vitro assay
MT-dynamin co-sedimentation assay and electron microscopic analysis were carried out using a medium containing 0.1 M PIPES, 12.5 mM HEPES, 1.5 mM EGTA, 1.5 mM MgCl 2 . For the actin filament-dynamin bundling assay, co-sedimentation assay and electron microscopic analysis were carried out using a medium containing 0.11 M PIPES, 12.5 mM HEPES, 1.5 mM EGTA and 1.5 mM MgCl 2 .
Electron microscopy
Samples negatively stained with 2% uranyl acetate were observed with an electron microscope (JEM-1200EX, JEOL Ltd, Tokyo Japan).
